Abstract: Sub-Saharan Africa has the highest incidence of human papillomavirus (HPV) and cervical cancer in the world, which is further aggravated by the burden of human immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS) disease with invasive cervical cancer being an AIDS-defining cancer. The prevalence of HPV infection and associated disease is very high in HIV-infected people and continues to be a problem even after anti-retroviral therapy. In the genital tract, the interaction between HPV and HIV is complex, with infection with multiple HPV types reported to make both women and men more susceptible to HIV infection. Besides the national programmes to vaccinate girls against HPV and screen women for cervical cancer, there should be targeted cervical cancer screening, treatment and prevention programmes introduced into HIV treatment centres. There is evidence that in high HIV prevalence areas, HIV-positive women could cause increases in the prevalence of genital HPV infection in HIV-negative men and so increase the HPV circulating in the community. Condom use and circumcision reduce the acquisition of HIV-1, and also to some extent of HPV. This review will highlight what is known about the interaction of HIV and HPV, with an emphasis on research in Africa.
Introduction
The International Agency for Research on Cancer has classified both human papillomavirus (HPV) and human immunodeficiency virus type 1 (HIV) as carcinogens: HPV is a direct carcinogen and HIV-1 is an indirect carcinogen through immune suppression. Not all HPV-infected people will develop cancer, but it is important to note that persistent HPV infection, with specific HPV types, and high viral load are important cancer risk predictors [1] .
Specific high-risk (HR) types of HPV are causally associated with cervical cancer [2] . Although cervical cancer is a preventable disease, much of the developing world has a high burden of disease due to inadequate cervical cancer screening and treatment programmes [3] . Sub-Saharan Africa has the highest incidence of HPV and cervical cancer in the world [4] . While cervical cancer is the most important cancer, other HPV-associated cancers include head and neck squamous carcinomas, anal, penile, vulvar, vaginal and conjunctival cancer [5, 6] . Information these other HPV-associated anogenital cancers in Africa is limited [4] . Moreover, the burden of HPV-associated disease is substantially increased where there is HIV-1 co-infection [7] . HIV-1 and HPVs are both sexually transmitted and are also the cause of significant public health problems in Africa. In the genital tract the interaction between these two viruses is complex, with infection with multiple HR-HPV types reported to make women more susceptible to HIV-1 infection [8, 9] , while HIV-infected individuals are more likely to have HPV infection [10] . This review will highlight what is known about the interaction of HIV-1 and genital HPV, with an emphasis on research in Africa.
HPV Infection Increases the Susceptibility to HIV-1 Acquisition
There have now been a number of studies indicating that people infected with genital HPVs are at higher risk of acquiring HIV-1 than people who are not infected with HPV, even after adjusting for risk factors [9, 11] . The biological mechanism for this increased susceptibility is not well understood. In a study done on Zimbabwean women incident HIV-1 infection was associated with HPV clearance, indicating that the immune response to HPV may result in an increase of HIV-susceptible cells in the genital tract [12] . Association of HIV-1 acquisition with HPV clearance was also seen in a study on men being circumcised, with increased HIV-1 acquisition correlating with number of HPV genotypes cleared. In this study increased epidermal dendritic cell density was associated with HPV clearance and increased HIV-1 acquisition, which may have increased the number of target cells for HIV-1 infection [13] . CD4+ T cells, the primary infection target of HIV, have been demonstrated to be associated with recent high-grade squamous intraepithelial lesion regression in anal lesions [14] , regressing warts [15] and cervical lesion regression [16] . Therefore, the immune response to HPV in mucosal tissue may result in an increase in the number of cells that are susceptible to HIV-1 infection, and accordingly result in an increased incidence of HIV. If HPV infection could be prevented, there could then be an impact on the prevention of HIV-1 acquisition. However in order to impact on HIV-1 acquisition a vaccine that protected against most genital HPV types would be needed, as there are more than 45 HPV types regularly found in the genital tract [17] . There are two effective HPV vaccines available, both protecting against the two highest risk HPV types (HPV 16 and 18), and one also protecting against HPVs 6 and 11, which cause genital warts. The Merck nonavalent HPV vaccine that is currently being tested would be better than both of these, because it protects from infection from 9 HPV types [18, 19] but would still not impact on all HPV types.
The Increase in HPV Infection is an Early Event after HIV-1 Infection
HIV-positive women are known to have a much higher prevalence of HPV than HIV-negative women [20] . Women infected with HIV-1 are more likely to be infected with multiple HPV types soon after HIV-1 infection compared with pre-infection [21] [22] [23] . Wang et al. report that HR HPV infection prevalence in Cape Town women was 20.3% before HIV-1 seroconversion, 23.6% at seroconversion, and 49.1% after seroconversion (p = 0.01) [22] . Therefore the increase in HPV prevalence is an early event after HIV-1 infection and is not correlated with a drop in circulating CD4+ cells. Genital warts, which are caused by low-risk (LR) HPV, also increase soon after HIV-1 infection, and it has been speculated that this is due to a higher risk of progression from subclinical or latent infection to clinical HPV disease, rather than to a higher risk of HPV acquisition [24] . In animal models papillomavirus DNA has been demonstrated to persist in the epithelial basal layers, and to be activated after T-cell depletion [25] . Latent HPV could be activated under specific circumstances, including when the immune response is impacted by HIV-1 [26] , where T-cell surveillance stops controlling the replication of HPV. A better understanding of the early events influencing HPV control as well as persistence in the genital tract is therefore required. Further research on the impact of HIV on these early events is desirable.
HIV-1 Infection Increases Prevalence, Persistence and Reduces Clearance of HPV
HPV prevalence is very high in HIV-infected people. In a Cape Town study done on 1371 HIV-positive women and 8050 HIV-negative women aged 17-65 years, the HR-HPV prevalence in cervical samples was higher among HIV-positive women (52.4%) than among HIV-negative women (20.8%) [27] . In the younger age group (17-19 years) 75% of HIV-positive women were HPV-positive compared to 60.2% of HIV-negative women (p < 0.06). In the HIV-1 positive vs. HIV-negative women aged 25-29 years and 35-39 years, HPV prevalence was 59.7% vs. 23.9% (p < 0.0001) and 46.4% vs. 19.3% (p < 0.0001) respectively. Much higher prevalence of HPV was reported in cervical samples from women (median age 31) enrolling at HIV-1 treatment centres in Cape Town, where 78.9% were HPV-positive [28] , than the latter study. At another HIV-1 treatment centre in Johannesburg 61% of 1202 cervical samples from HIV-infected women (median age of 38 years) were HR HPV-positive [29] . In a meta-analysis of genital HPV prevalence in African men, prevalence of any HPV was 84.5% (95% CI 74.2 to 91.2) among HIV-positive and 56.4% (95% CI 49.7 to 62.9) among HIV-negative men (p < 0.0001) [30] . The natural history of HPV differs in men and women, with women tending to have a higher prevalence of HPV at a young age with a significant drop off in the older age groups. In some populations, older women may have a slight increase in the prevalence of HPV [31] . In HIV-positive women the drop in HPV prevalence is not as dramatic as in HIV-negative women [27] . In men the HPV prevalence tends to be more uniform across age groups regardless of HIV infection [30] .
There is evidence that in high HIV-1 prevalence areas, the HPV infected HIV-positive women could result in increases in HPV infection in HIV-negative men [10] . If this is the case then it could be hypothesised that HIV increases the prevalence not only in the HIV-positive population but also within the sexual networks that include HIV-negative partners resulting in increased risk of HPV related disease in this population. In a study done in Cape Town on HIV-1 concordant and discordant heterosexual couples, more HIV-positive men and women had genital HPV compared with HIV-negative men (77 vs. 49%; p < 0.001) and women (74 vs. 36%; p < 0.001). Men with HIV-positive partners were at greater risk of HPV infection compared with men with HIV-negative partners. Conversely, the risk of HPV of any type was not found to differ between women with an HIV-positive or HIV-negative male partner. In women, HIV-1 infection and low CD4 count were significantly associated with increased risk of type-specific HPV concordance, but male partner HIV-positive status was not significantly associated with this concordance. Therefore, male genital HPV prevalence and type-specific sharing were influenced by their own HIV-positive status and that of their female partner. In contrast, female genital HPV prevalence and HPV type-specific sharing were determined by their own HIV-positive status but not by that of their male partner [10] . HIV-1 infection was also associated with increased risk of new HPV detection in women (relative risk (RR), 2.98; 95% CI, 2.07-4.29) and men (RR, 2.00; 95% CI, 1.49-2.69). HIV-1 infection reduced the rate of HPV clearance in women (RR, 0.46; 95% CI, 0.34-0.62) and men (RR, 0.71; 95% CI, 0.55-0.93) [32] . Persistent, high viral load, HR-HPV infections are an important risk factor for the development of cancer [33] which is substantially increased in HIV-positive people.
HPV, HIV-1 and Cervical Cancer
In Africa, as in other parts of the world, the dominant HPV type associated with invasive cervical cancers is HPV-16 [34] . In 515 cancers from Ghana, Nigeria, and South Africa where there was only one HPV type detected, the six most prevalent HPV types were HPV-16 (51.2%), HPV-18 (17.2%), HPV-35 (8.7%), HPV-45 (7.4%), HPV-33 (4.0%) and HPV-52 (2.2%) [35] . HIV-1 positive women have a higher prevalence of multiple HPV type infections in normal, premalignant lesions and invasive cervical cancer (ICC) [27, 32, 35] . It has been proposed that specific combinations of HPV types increase the risk of ICC and pre-malignant lesions compared to infection with the individual HPV types [36] . High HPV viral loads are associated with increased risk of abnormal cytology [37, 38] , and HIV-1 co-infection significantly increased the combined alpha-9 taxon HPV viral load in women, but not viral loads for individual HPV types [39] .
Invasive cervical cancer is an AIDS-defining cancer: women infected with HIV-1 present with cervical cancer at ages up to 15 years younger than HIV-negative patients [40] . The prevalence of premalignant cervical lesions is increased in HIV-positive women: in a cervical cancer case-control study done in Cape Town, HIV-positive women were nearly 5 times more likely to have HR-HPV infection present compared to HIV-negative women (OR 4.6 (95% CI 2.8-7.5)). Women infected with both HIV-1 and HR-HPV had a more than 40-fold higher risk of squamous intraepithelial lesions than women infected with neither of these viruses [41] .
At an HIV-1 treatment clinic in Johannesburg in a cohort of 148 women, 54% had abnormal Papanicolaou smears, with 33% of these assessed as having high grade changes. HPV DNA was found in 95% of the 148 subjects assessed, with 83% having 1 or more HPV oncogenic types. There was a significant risk of an oncogenic HPV type in women with CD4 < 200 cells/μL [20] . Unlike other AIDS defining cancers such as Kaposi's sarcoma and non-Hodgkin's lymphoma, the risk of cervical cancer does not decrease after highly active antiretroviral therapy [42] . In addition, even if the women are able to access treatment the recurrence rate is much higher in HIV-positive women, indicating they need close follow up [43] [44] [45] . The impact of treatment on HPV may depend on the stage of disease. There are conflicting reports on the impact of ARVs on HPV. In one study done in South Africa, anti-retroviral therapy (ART) substantially reduced the detection of HPV where every month on ART significantly reduced the detection risk of any HPV type by 9% which implied increased clearance after initiation of ART [46] . Another study looking at incident HPV detection, failed to show a protective effect of ART in an HIV-positive adolescent cohort [47] .
The increased HPV associated disease in HIV-positive individuals has major public health and resource implications for countries with a high HIV-1 prevalence. It is expected that the number of women with cervical cancer is going to increase as more women get access to HIV-1 therapy. There is therefore an urgent need to roll out better cervical screening programmes linked to HIV-1 treatment centres. It is unfortunate that many of the countries in sub-Saharan Africa, with the highest burden of HIV-1 disease, tend to have limited resources to put these programmes in place and to treat premalignant cervical lesions, let alone to treat the cervical cancers [4] . Proposals for cervical screening of HIV positive women include younger age of first screening and more frequent screening protocols with the mode of screening dependent on the resources available [29, 48] . Although HPV testing is not as sensitive as visual inspection (5% acetic acid) with digital imaging review or convential cytology in the detection of cervical intraepithelial neoplasia grade 2 and above, the specificity is high [29] . Screen-and-treat regimens using HPV testing reduces high-grade cervical cancer precursors in HIV-infected women.
Anal cancer incidence is greatly increased in HIV-positive individuals, particularly in HIV-positive men who have sex with men (MSM) [49] . The literature on HPV in MSMs is not part of this review and there is very little published on anal HPV and anal cancers in African heterosexuals. Internationally there have been many reports on anal HPV in women particularly in HIV positive women where abnormal anal cytology and HR-HPV prevalences were high [50, 51] . Not all anal cancers are associated with HPV [52] but HPV positive patients have a better five-year disease-free survival than HPV-negative patients [53] . HIV-positive women with a history of HPV-associated cervical disease are at increased risk for high-grade anal intraepithelial neoplasia and so screening is recommended. While screening and treatment protocols are not yet well established, Heard et al. (2015) demonstrated that anal cytology and HPV-16 genotyping had the best screening performance in their study [51] . There is a need to research anal HPV associated disease and to determine the best screening and treatment protocols for Africa.
Circumcision Reduces HIV-1 and HPV Acquisition
Male penile circumcision is now regarded as one of the most successful interventions to prevent HIV infection, and many African countries are accordingly offering circumcision on a large scale [54, 55] . While women carry the major burden of HPV-associated diseases in the form of cervical cancer, men play a role in transmitting HPV to their partners. Therefore, a reduction of HIV-1 and HPV as a result of circumcision in men could impact significantly on the cervical disease in their communities. In randomised controlled trials of voluntary surgical male circumcision versus no circumcision in HIV-negative men in sub-Saharan Africa, the incidence of HIV-1 was reduced between 38% and 66% over 24 months [56] . Male circumcision reduces the acquisition and persistence of high HPV viral load infections in the glans in men [57] as well as decreases the HR HPV viral load in female partners [58] . In addition since HPV infection may increase the risk of HIV-1 acquisition [11] , a reduction in HPV may also help reduce the acquisition of HIV-1 [59] .
Impact of Microbicides on HIV-1 and HPV
Vaginal microbicides are actively being tested for the prevention of HIV-1 infections. It is desirable, however, that microbicides also prevent other sexually transmitted infections. Only one microbicide has been demonstrated to prevent HIV: this is a tenofovir-containing microbicide gel [60] . The impact of this microbicide on HPV has not yet been tested. In a trial of the nonoxynol-9-based vaginal gel COL-1492 in sex workers there was an increase in HIV-1 in the women using the gel compared to non-users, indicating that the gel may have enhanced HIV-1 acquisition [61] . A significant increase in multiple HPV infections in HIV-1 seronegative women using nonoxynol-9 compared with HIV-1 seronegative women using placebo (OR 3.5 95% CI 1.0-11.8) was also observed in the South African arm of the trial, demonstrating that the use of nonoxynol-9 did not prevent genital HPV infection and could increase the virus' ability to infect or persist [62] . In contrast, while a randomised double-blind placebo-controlled trial found that the carrageenan-based vaginal microbicide Carraguard was unable to prevent HIV-1 infection [63] , there was some efficacy in preventing HPV infection. In this trial there were 348 compliant women (174 Carraguard, 174 placebo users) with relatively high adherence to gel use, who inserted 80% of their opened, returned applicators of test product with the proportion of applicator insertions to sex acts >30%. After adjusting for risk factors, these compliant Carraguard users were 0.62 as likely to be classified HR-HPV positive (95% CI 0.41-0.94) as compliant placebo users. This is the first report showing a negative association of HPV infection with a vaginal microbicide [64] . This was confirmed in a mouse model where carrageenan was shown to protect from HPV infection, while nonoxynol-9 increased HPV infection [65] . There is therefore a need for a randomised control trial to confirm that carrageenan based microbicides reduce HPV infection. There are microbicide gels in preclinical development. One promising gel, MZC, containing MIV-150, zinc acetate and carrageenan protected macaques against simian-human immunodeficiency virus significantly reduced vaginal and anorectal HSV-2 infection of mice as well as HPV16 pseudovirus infection [66] .
Condoms, HIV-1 and HPV
Consistent use of condoms has the potential to reduce both HIV-1 and HPV acquisition. In a multinational HPV cohort study the risk of HPV acquisition was 2-fold lower among men with no steady sex partner who always used condoms, compared with those who never used condoms (hazard ratio, 0.54), after adjustment for country, age, race, education duration, smoking, alcohol, and number of recent sex partners [67] . However, condoms are more effective against HIV-1 than HPV due to the comparatively larger area available for HPV infection and transmission in the male and female genital tract, compared to HIV. Condoms are effective at preventing HIV-1 transmission with the level of protection approximating 87% [68] .
HPV Vaccines in HIV-1 Positive Women
While there have been no efficacy studies done on the available HPV vaccines in HIV-1 positive individuals, there have been a number of safety and immunogenicity studies. A study of the quadrivalent Merck HPV vaccine in HIV-infected and HIV-negative adolescents and young adults aged 13-27 years showed that the vaccine was generally safe and well tolerated, with the rate of seroconversion being 85% in HIV-infected and 91% in HIV-negative subjects, with antibody titres being slightly lower in the HIV-positive children [69] . In another trial of the quadrivalent HPV vaccine on 319 HIV-infected women (median age 36 years) in the United States, Brazil, and South Africa there were no safety issues identified. The seroconversion proportions for HPV types 6, 11, 16, and 18 in women with CD4+ T-cell counts above 350 cells/μL were 96%, 98%, 99%, and 91% respectively, while those women with CD4+ counts less than <200 cells/μL had conversion proportions of 84%, 92%, 93%, and 75%, respectively [70] . These results show that even in women with AIDS it is possible to elicit a relatively good immune response to the quadrivalent HPV vaccine. The bivalent Glaxosmithkline (GSK) bivalent HPV vaccine was found to be safe in asymptomatic HIV-positive women aged 18-25 years. Irrespective of baseline HPV status women, who received the HPV-16/18 vaccine were seropositive for both HPV-16 and HPV-18 after the second vaccine dose (month 2), and remained seropositive for both antigens at month 12. The vaccine did not have any impact on CD4 + T-cell count, HIV viral load or HIV clinical stage [71] . These studies prepare the way for routine HPV vaccination of HIV-1 infected women. While most national HPV vaccine programmes target adolescents before they are sexually active, there are also catch-up programmes that target older girls [72] . There are also many examples of reduction in HPV-associated disease after vaccination in HIV-negative populations [73, 74] . Ideally, one would like to vaccinate HIV-1 positive women even after they have been exposed to HPV-however, it remains to be shown whether vaccination of these women will indeed reduce the incidence of cervical disease. Nonetheless, the high burden of HIV-1 and HPV disease in Africa justifies the widespread introduction of HPV vaccination [75] . Efficacy trials are needed to formulate policy on vaccination of HIV-positive individuals.
Conclusions
In recent years there has been a substantial increase in the number of people receiving ART to treat HIV-1 infections, and so mortality has been significantly reduced [76] . HIV-positive women have higher incidence and quicker progression of cervical neoplasia [77] ; thus, as more women receive treatment for HIV-1, the HPV-associated cancers are expected to increase in populations where HIV-1 is endemic. Countries in sub-Saharan Africa are particularly hard hit. An integrated response to prevent these cancers is urgently required, with cervical cancer prevention programmes being integrated into HIV-1 and tuberculosis treatment centres. HPV vaccination of young girls should be introduced, and cervical cancer screening and treatment programmes should be improved.
